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Abstract 
The growing critical and toxic wastewater contamination problems seek various sustainable and environmental friendly treatment 
methods to be further investigated. 2,4-dichlorophenol (2,4-DCP) is one of the recalcitrant and hazardous contaminants normally 
found in industrial wastewater and in some cases in domestic wastewater as well. This study explored the capability of bacteria 
Bacillus subtilis to degrade the 2,4-DCP in a double chamber microbial fuel cell (MFC) system. The MFC enables the removal of 
contaminants by bacteria with concurrent electricity generation through electron transfer mechanisms. B. subtilis is found to be a 
good exoelectrogenic bacterium for generating an optimum potential of 95 mV with 12 mA/m2 current density in MFC. B. 
subtilis was able to degrade ~60% of 2,4-DCP into acceptable simpler metabolites, thus could be further utilized in treating 
hazardous phenolic contaminants while generating electricity through benign and sustainable wastewater treatment method. 
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1. Introduction 
Phenols and phenolic are a class of organic compounds, characterized by a hydroxyl (-OH) group attached to a 
carbon atom that is part of an aromatic ring. They can be synthesized industrially or produced in natural 
environment by plants and microorganisms and occur in high variety of derivatives [1]. Because of its great 
benefits for industrial applications, mainly in the petrochemical, oil refining, plastic and pharmaceutical industries, 
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phenols reach a high global production. Consequently, the phenolic-based disposals to water bodies become more 
critical primarily due to its toxicity and harmful effects to the aquatic lives and human being even at very low 
concentrations (5 - 25 mg/l) [2, 3]. The World Health Organization (WHO) indicated substituted phenols as 
noxious substances for human health and valued some phenolic compounds with a maximum admissible 
concentration in drinking water. For example the maximum admissible concentration for 2,4-dichlorophenol (2,4-
DCP) is 40 μg/L[4]. 
 
Nomenclature 
MFC               Microbial fuel cell 
2,4-DCP  2,4-dicholorophenol 
CEM               Cationic exchange membrane 
CV                       Cyclic voltammetry 
LSV                     Linear sweep voltammetry 
HPLC                  High performance liquid chromatography 
 
Due to their toxicity and recalcitrance characteristics, various treatment methods have been introduced for 
instance, chemical oxidation, adsorption onto activated carbon and other adsorbent materials and chromatography 
techniques. However, these techniques require high energy consumption and sophisticated equipment which could 
lead to high operational costs. One of the most preferable methods is biological degradation owing to its 
environmental friendly, relatively inexpensive and simple method. In addition, one of the most topical and important 
sustainable engineering tools in the wastewater treatment that utilizes waste degradation process is microbial fuel 
cell (MFC). 
The MFC which consists of anode and cathode chambers separated by an ionic exchange membrane will produce 
electricity through the electron transfer mechanism between the two chambers. At the anode chamber, the microbes 
oxidize substrates such as glucose and some refractory organics. The oxidation of glucose, for example, generates 
electrons, protons and carbon dioxide as shown by Reaction 1. At the cathode chamber, on the other hand, a 
reduction process occurs with the presence of oxygen molecules to form water as indicated by Reaction 2. 
 
C6H12O6 + 6H2O ė 6CO2 + 24H+ + 24e- (1) 
24H+ + 24e- + 6O2 ė 12H2O (2) 
 
This study investigated the degradation process of 2,4-DCP using a safe bacteria, Bacillus subtilis in the MFC. B. 
subtilis is a highly-resistant bacterium which is easily cultivated and has been found to be a promising species in 
degrading the phenolic contaminants. The MFC experiments were carried out in neutralized conditions (pH 7) so as 
to provide a good environment for the B. subtilis cultivation, thus expecting an excellent electricity output and high 
removal rate of 2,4-DCP. 
2. Materials and Methods 
2.1. Microorganism and culture medium 
Bacillus subtilis (AWQC 111) was cultured and provided by Australian Water Quality Centre, and subsequently 
sub-cultured at the Bionanotechnology Laboratory, School of Chemical Engineering, the University of Adelaide. 
This bacteria was used to remove the 2,4-DCP in this study. The bacteria were grown in 100 mL of nutrient broth in 
a 250-mL shake flask for 20 h on an incubator shaker (175 rpm) at 35 °C. The grown bacterial cells were used as the 
seed culture in the MFC degradation study.  
The M9 medium was used as bacterial growth medium and prepared according to Miller [5] with slight 
modification of composition as follows: 0.5 % glucose and 1 g/L yeast extract in mineral salts (1 g/L NH4Cl, 3 g/L 
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KH2PO4, 6 g/L Na2HPO4, 5 g/L NaCl, 0.05 g/L MgSO4, and 0.005 g/L CaCl2). The pH of the medium was adjusted 
to pH 7.0 ±0.2 with NaOH or HCL. The medium was sterilized at 121 °C for 15 min. The glucose solution was 
filter-sterilized (Millipore membrane PVDF, 0.22 µm filter unit) and then added to the above autoclaved medium. 
2.2. Experimental MFC Setup 
A double chambered MFC reactor was constructed from two 250 mL-glass bottles joined together with a glass 
bridge consisting a cationic exchange membrane (CEM) with 3-cm inner diameter. The anode material was made up 
of 3.0-cm × 3.0-cm carbon cloth, and 12.56 cm2 graphite fiber was used as cathode material. Both electrodes were 
pierced with titanium wire projecting outside connecting to an external electrical circuit, through which the electrons 
were transported. The catholyte used was M9 solution (without glucose and yeast extract). The MFC reactor setup is 
illustrated in Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                   
Fig. 1. MFC setup. 
 
The B. subtilis was cultivated in an anoxic condition, in which the air penetration was blocked inside the anode 
chamber. The cathodic chamber was open for aeration. The MFC system was topped on a magnetic plate to ensure 
well mixing and operated at room temperature. After 10 h, the anodic chamber turned turbid, indicating the bacterial 
growth and the biofilm was observed to develop onto the surface of electrode. To maintain the growth of bacteria, 
glucose was added to the anodic chamber. Then, the chamber was subsequently fed with 10 mg/L 2,4-DCP for 
studying the contaminant degradation by the bacteria. 
2.3. Data acquisition and electrochemical measurement 
2.3.1. Voltage / current and polarization curve measurement 
 
The electrode output voltage was continuously recorded against time by a computer. The anode and cathode were 
connected to a LabJack U6 recorder with an external load of 10 kΩ circuit connection. The MFC system was 
operated for 4 days, under the application of a single constant resistance. The current and anodic and cathodic 
potentials were measured with respect to time. To develop the polarization curves, different external loads were 
applied for a complete batch cycle, with a variable resistance ranging from 10 Ω to 100 kΩ. 
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2.3.2. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) 
 
Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were recorded using a CHI 650 D bipotentiostat 
(CH Instruments, Inc., USA). The CV was conducted at a scan rate of 0.1 V/s ranging from 0 to 1.0 V (vs. 
Ag/AgCl), while the LSV was conducted at a scan rate of 0.1 V/s ranging from 0.1 to 2.0 V (vs. Ag/AgCl). The 
experiments were carried out in a conventional three - electrode arrangement consisting of a working electrode, 
reference electrode (an Ag/AgCl electrode) and a counter electrode. The working electrode was made of carbon 
cloth and counter electrode was made of graphite fiber, pierced with titanium wires as discussed above. All three 
electrodes were inserted into the MFC, avoiding any contact among these electrodes. 
2.4. Phenolic removal 
The model phenolic compound used in this study was 2,4-dichlorophenol (2,4-DCP) (Alfa Aesar), which is a 
chlorinated derivative of phenol with the molecular formula C6H4Cl2O. 10 mg/L 2,4-DCP was fed into the anodic 
chamber under anoxic condition. Samples of 5 mL were periodically withdrawn from the MFCs and centrifuged at 
4000 rpm at 4°C for 10 min (Megafuge 1.0 R; Heraeus). The supernatant was used to analyze the phenolic 
degradation by B. subtilis. The 2,4-DCP degradation was analyzed qualitatively using two methods; difference in 
optical density values using UV-Visible spectrophotometry and chromatography technique using high performance 
liquid chromatography (HPLC). 
2.4.1.  UV-Visible spectrophotometry 
The phenolic removal was examined using a Shimadzu UV-Visible Spectrophotometer (UV-1601) with optical 
wavelength of 750 nm as described by Wilfred and Ralph [6]. Phenolic degradation was calculated based on the 
difference in initial and final 2,4-DCP concentrations.  
2.4.2.  High performance liquid chromatography (HPLC) 
The analysis of 2,4-DCP and metabolites were performed using the HPLC (VARIAN, ProStar) equipped with a 
C18 capillary column (Microsorp-MV 100-5, 150 x 4.6 mm). The column has been stored in 10% MeOH prior to 
use. The ultraviolet detector (VARIAN, ProStar) was set at 227 nm. The mobile phase was prepared by dissolving 
methanol in milli-Q water with 50:50 v/v ratio with 2% acetic acid preset at pH 3. The HPLC grade standards were 
pre-run at the same conditions in order to determine the expected metabolites from the 2,4-DCP degradation which 
were examined in conformity with Pankaj and Hanhong [7]. 
3. Results and discussion 
3.1. Voltage generation and polarization curves 
Voltage generated by B. subtilis with respect to time was recorded in MFC reactor over 4 days as depicted in Fig. 
2 (A). The highest voltage obtained by the bacteria was 95 mV and found to be stationary over 24 hours. Then, the 
bacterial growth was dropped dramatically as demonstrated by the tremendous decrease of voltage after about 28 
hours of MFC cultivation. This result suggested that there was a substrate inadequacy during the cultivation periods 
which led to the incline of voltage and microbial activities [8].  
It was noted that 2,4-DCP was fed into the microbial medium during the log phase of bacterial cultivation and after 
the development of biofilm onto the surface of the electrode, which was occurred on day 1 of MFC operation. The 
subsequent considerably low voltage output afterwards (after 40 h) was due to the toxicity of 2,4-DCP which 
hindered the bacterial growth and electrochemical activities. The low voltage was maintained at the range of 5 – 10 
mV and lasted for a total period of approximately 4 days. We supposed that the 2,4-DCP was degraded at slower 
rate during this low voltage output periods. In addition, the decrease of voltage output could be due to the increasing 
diffusion limitation with time, which might be attributed by the development of thick biofilm [9, 10]. 
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Fig. 2. (A) Voltage generated by B. subtilis with respect to time; (B) Polarization curves- potential and power density curves with respect 
to current density. 
 
Fig. 2 (B) illustrates the potential and power density with respect to current density generated by B. subtilis in the  
MFC with varying external resistance ranging from 10 Ω to 100 kΩ. The inclining profile of closed circuit potential 
could be due to the utilization of the carbon source for microbial growth and metabolic activities. This is also might 
be owing to the effect of partial inhibition of microbial activities by the 2,4-DCP during early stage of phenolic 
feeding, although it would be degraded at slower rate at the later stage. At an infinite external resistance (open 
circuit conditions), the open circuit voltage generated by the bacteria was 89 mV at the corresponding current 
density of 1.0 mA/m2. The linear region of the polarization curve represents ohmic loss. The internal resistance 
calculated from the polarization curve to be 44 Ω. The maximum power density obtained by the Bacillus-MFC 
system was 0.1 mW/m2 at the corresponding current density of 2.6 mA/m2 as shown in Fig. 2 (B). The power 
generation increased to the maximum value as the substrate availability continues and the electro-active biomass 
accumulates, as suggested by Picioreanu et al. [9] and Vanita et al. [10]. The lower inclining rate for the potential 
and power density curves after the corresponding current densities of 3.0 and 6.0 mA/m2, respectively, lead to lower 
mass transport limitation at the electrode [8]. 
3.2. Electrochemical activity and electron transfer mechanism 
Cyclic voltammetry (CV) characterizes the electrochemical activity of the redox compounds and reveals the 
performance of a catalytic process. To analyze the electrochemical behaviors of the bacteria in the medium 
containing 2,4-DCP and the impact on the redox reaction, we performed CV at a scan rate of 0.1 V/s. Fig. 3 (A) 
shows typical CV of the MFC system. The voltammogram shows a two-step change in the cathodic peak current, 
which is indicating the process of a two-electron transfer at two different peak potentials [10]. It is clear to note that 
the CV curve shows an oxidation peak (diamond symbol) of 0.34 mA / 0.12 V and a reduction peak (triangle 
symbol) of -0.35 mA / 0.63 V. This result is comparable to Vanita et al. [10] where the CV profile using glycerol 
containing medium at pH 7 showed the oxidation and reduction peaks were approximately at 0.5 mA / -0.1 V, and - 
0.3 mA / 0.30 V, respectively. The CV profile illustrates the presence of mediators in the MFC system, which could 
be reversibly oxidized and reduced during CV test, hence, demonstrating the presence of active redox compounds 
responsible for the electrochemical activity in the broth solutions [11]. Other than that, Freguia et al. [12] discussed 
the electron transfer mechanism in the CV electrochemical test which was due to diffusivity in the redox 
compounds, instead of being adsorbed on the electrode surface, diffuse towards and away from it. 
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Fig. 3. (A) Cyclic voltammetry and (B) linear sweep voltammetry curves for B. subtilis electrochemical activities in the MFC. 
 
To gain further insight into the electrochemical properties of the cathode in the MFC, linear sweep voltammetry 
(LSV) was performed at a scan rate of 0.1 V/s to select the optimal operating parameters. The LSV profile indicates 
the electrochemical activities in the cathodic chamber [13] which reflects the anodic biochemical action by the 
bacteria. The oxidation reaction started at a voltage range of 0.5 – 1.0 V (vs. Ag/AgCl) as depicted in Fig. 3 (B). 
Linear increment of currents developed over subsequent potential flow showing improvement in the microbial 
activities up to the current peak at 36.0 mA with corresponding potential of 1.73 V. The current increment over 
voltage sweep from its initial electrochemical kinetic equilibrium region was a function of the availability of organic 
substrates and the activity of electron transfer [14]. The further current flow over potential spectrum indicates a 
much smaller declining profile until reaching maximum potential at 2.0 V. This occurrence might be due to the 
declining phase of microbial metabolism corresponding to the microbial biofilm growth and the increasing diffusion 
for the substrate mass transport to the electrode surface [14]. 
3.3. 2,4-Dichlorophenol degradation analysis 
The 2,4-DCP degradation by the B. subtilis in the MFC was measured over 4 days of cultivation. Fig. 4 (A) 
shows the HPLC peaks for the degradation of 2,4-DCP and its metabolites. It is interesting to observe that the 
concentration of 2,4-DCP was decreased from day 1 to day 4 proving the degradation process by B. subtilis was 
occurred. The highest 2,4-DCP removal of 60 % was obtained at day 4 as shown in Fig. 4 (B). Principally, the 2,4-
DCP was degraded in the anoxic condition of MFC operation. It was reported that 2,4-DCP proceeds in a microbial 
biodegradation experiment via reductive dehalogenation in which chlorine atoms are replaced by hydrogen atoms 
[15, 16]. Several poly-chlorophenols are recalcitrant towards aerobic bacterial attack and can be reductively 
dehalogenated into lesser chlorinated phenols that could be further mineralized easily [7]. Previous studies also 
found that several bacterial species could degrade the 2,4-DCP (in the shake flask biodegradation experiments) into 
simpler metabolic products for instance Pseudomonas sp. DP-4 [17], B. insolitus [18] and B. cereus [19].  
Based on this HPLC data, B. subtilis is found to dehalogenate 2,4-DCP into simpler chlorinated phenol 
molecules; 4-chlorophenol (99.0 % confirmation with the authentic HPLC-grade standard) and possibly to be 
cleaved via the formation of 3,5-dichlorocatechol (93.0 – 97.0 % confirmation with the authentic HPLC-grade 
standard) by a 2,4-DCP-hydroxylase [20]. Based on Fig. 4 (A), an unknown metabolite molecule was also detected 
at a retention time of 10.89 min. It is expected that this unknown metabolite which is probably having a molecular 
weight of smaller than 2,4-DCP and greater than 4-chlorophenol, could be another simpler phenolic product 
degraded metabolically by the B. subtilis. 
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Fig. 4. (A) HPLC peaks for 2,4-DCP degradation metabolites; (B) percentage degradation of 2,4 DCP. 
4. Conclusion 
This study utilized safe bacteria, B. subtilis to treat hazardous and recalcitrant contaminant, 2,4-dichlorophenol in 
the MFC system. The voltage profile illustrated that the bacteria exhibited the highest voltage generation of 95 mV 
with current density of 12.0 mA/m2. The CV test recorded the oxidation and reduction peaks at 0.34 mA / 0.12 V 
and - 0.35 mA / 0.63 V, respectively, and the LSV denoted the current peak which was at 36.0 mA with 
corresponding potential of 1.73 V (vs. Ag/AgCl). Although the voltage and polarization curves illustrate the 
tremendous incline phase of electrical outputs occurred during the early stage of phenolic feeding, the relatively 
lower inclining rate for the potential and power density curves succeeding the higher current densities lead to lower 
mass transport limitation in the system. The 2,4-DCP was degraded by the bacteria in the MFC reactor by 60 % and 
excreted simpler metabolite for instance 4-chlorophenol through reductive dehalogenation process; and 3,5-
dichlorocatechol via the action of hydroxylase enzyme. 
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